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Tubes or pipe bends, sometimes referred to as “elbows” are key components 
of mechanical systems with applications in many high technological industries 
such as aviation, aerospace, shipbuilding, automobile, industrial facilities, 
energy pipeline, nuclear facilities and health care. Their properties satisfy the 
current needs for lightweight, high strength and high performance from both 
material and structure point of view. The present study primarily focuses on 
cold pipe bend manufacturing process and subsequently on structural 
performance of bent tubes. 
1.1 Forming characteristics of tube bending process with small 
bending radius 
Tube bending manufacturing process has been a vital manufacturing 
technology, in order to bend the tubular member at certain bending radius, 
bending angle and shape, for lightweight products urgently needed in the 
above industries [1-2]. Many tube bending approaches have been developed 
in response to the diverse demands of tube specification, shapes, materials 
and forming tolerance [3-4]. According to the forming conditions, there are 
cold bending techniques at room temperature and hot (heat) bending 
methods at elevated temperature. From the viewpoint of loading conditions, 
there are several methodologies namely pure bending, compression bending, 
stretch bending, roll bending, rotary draw bending and laser bending. Those 
methodologies can be used for carbon steel, stainless steel, aluminum alloy, 
copper alloy, magnesium alloy and titanium alloy tubes. From aspect of 
tubular shapes, there are round, rectangular and other irregular section tube 
bending. Moreover, tubes can be seamless or welded depending on the tube 
fabrication respect. Finally, from the viewpoint of bending radius, there are 
small radius bending and large radius bending.   
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For any bending process, upon bending deformation, uneven tension and 
compression stress distributions are induced at the extrados and intrados of 
bending tube respectively, which may cause multiple defects or instabilities 
such as wrinkling, over-thinning (cracking), cross-section distortion and 
spring-back as shown in Figure 1. The accurate prediction and efficient control 
of these physical phenomena are necessary for optimizing tube bend forming 
process [5]. In the present work, cold bending process of tube bends is 
analyzed using the rotary draw bending technique. 
 
Figure 1: Defects and instabilities during bending process 
1.2 Previous publications on cold bending manufacturing of tube 
bends 
Hasanpour et al. [6] simulated the plastic deforming behavior and wrinkling 
mechanism for a “thin-walled” tube and the results were compared with the 
available experimental ones. Then, the effect of anisotropy on ovalization, 
thickness and wrinkling of tube were investigated by using FEM. Extensive 
numerical results were presented showing the effects of the various kinds of 
materials and geometric parameters on wrinkling using anisotropic yield 
function. Zhao et al. [7] investigated the significant and complicated influence 
of clearances between tube and various dies on the onset of wrinkling during 
the rotary draw bending process. To study the effect of clearance on 
wrinkling, a 3D finite element (FE) model of the process for thin-walled 
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rectangular aluminum alloy tube has been built using the explicit code 
ABAQUS/Explicit and validated by comparing the experiment. Li et al. [8] 
developed an energy-based wrinkling prediction model for thin-walled tube 
bending by using the energy principle, combined with analytical and ﬁnite 
element (FE) numerical methods. Zhao et al. [9] reported a wrinkling 
prediction model of the rotary-draw bending process for “thin-walled” 
rectangular 3A21 aluminum alloy tube based on the deformation theory of 
plasticity. Heng and He [10] reported a study on multi-defect constrained 
bendability of “thin-walled” tube NC bending under different clearance. A 
three-dimensional-finite element (3D-FE) model was established to describe 
the realistic dynamic boundary conditions of multiple dies under 
ABAQUS/Explicit platform, in terms of wrinkling, wall thinning and cross 
section deformation. The numerical results were combined with the 
experimental ones.  
Heng et al. [11] investigated the plastic deformation characteristics with small 
bending radius of “thin-walled” tube. Based on the analysis of the forming 
characteristics by analytical and experimental methods, a complete 3D 
elastic-plastic FEM model of the process was developed using 
ABAQUS/Explicit code, including bending process, balls retracting and 
unloading process. Li et al. [12], based on an analytical description of the 
push assistant loading (PAL) functions, reported the deformation behaviors of 
“thin-walled” tube in RDB under three different PAL conditions with respect to 
wall thinning, cross-section deformation and wrinkling numerically combined 
with experiment considering PAL functions. Jing et al. [13] reported a search 
algorithm of the forming limits of aluminum alloy “thin-walled” tubes based 
on a 3D elastic-plastic finite element (FE) model and a wrinkling energy 
prediction model for the bending processes under axial compression loading 
(ACL) or not. This algorithm enables to be considered the effects of process 
parameter combinations including die, friction parameters on the multi-
indices. Based on this algorithm, the forming limits of the different size tubes 
are obtained, and the roles of the process parameter combinations in 
enabling the limit bending processes are also revealed.  
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1.3 Description of Rotary Draw Bending 
The rotary draw bending (RDB) of tubes with ratio D/t≈20 (D-tube diameter, 
t-wall thickness) is used in numerous applications in aviation, aerospace and 
automobile industries because of satisfying high strength/weight ratio 
requirement. Figure 2 shows that, during RDB process, the tube is subjected 
to multi-die constrains in order to avoid local buckling (wrinkling) of the tube 
wall due to excessive compression. Clamped against the bend die and drawn 
by the bend die and the clamp die, the tube goes past the tangent point and 
rotates along the groove of the bend die for the desired bending radius Rd. 
When the bending angle is satisﬁed, the mandrel (including ﬂexible balls) is 
withdrawn from its working position and the tube is then unloaded by 
removing the other dies.  
 
Figure 2: Geometry model for thin-walled tube rotary draw bending process 
Compared with other bending processes, for example pure bending, 
compression bending, stretch bending, roll bending and laser bending, the 
RDB is the most versatile method to produce precise bent tube parts with 
high bending limit (small bending radius Rd with respect to tube diameter). 
However, the process is a nonlinear physical process with large 
rotation/deformation and multi-factors coupling effects [14]. Therefore, the 
process needs precise coordination of various dies and strict control of 
forming parameters [15] in order to improve the inhomogeneous flow states 
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of tube materials and avoid defects in bending such as wrinkling, over 
thinning and section distortion. It is well known that the problem resolution 
relies heavily on experience and involves repeated trial-and-errors in practice, 
which spends excessive manpower, raw material, and time in designing and 
adjusting the process and dies, and moreover makes the production efficiency 
abate drastically. In practice, with lack of understanding of the roles of the 
contact conditions in bendability of TWTB, the “error and trial” method is still 
the primary way to assign the suitable contact conditions. For heavy-walled 
tube with small diameter, the tooling setup may be done within couple of 
minutes. However, even though the operator’s experience is rich, it may take 
a significant amount of time to carry out the tool setup for thin-walled tube 
bending with small bending radii (Rd/D≤2.0). Thus, to optimize the 
manufacturing process it is necessary to study the effect of contact conditions 
on the tube bending. To the author’s best knowledge, the influence of the 
contact conditions on plastic bending from respects of the overall bending 
defects in TWTB has not yet been fully addressed. It is noted that the 
clearance between tube and dies is the major variable to indicate the 
boundary conditions if the materials of tube and dies are unchanged as well 
as the lubricants [10]. 
1.4 Structural behavior of pipe elbows  
Curved pipe segments are widely used in industrial piping and pipelines. 
Because of the importance for safeguarding their structural integrity, much 
research has been devoted to the study of their mechanical behavior. It is 
well-known that the behavior of a tubular member under bending loads is 
characterized by a significant distortion of the cross-section associated with 
strains well beyond the elastic limit. This distortion, often referred to as 
“ovalization” or “Brazier” effect, makes the bent tube more flexible than the 
corresponding straight parts and produces additional stresses, which need to 
be considered in analysis and design [16]. 
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1.5 Previous publications 
Sobel and Newman [17-18], and Dhalla [19] reported experimental data on 
the elastic-plastic bending response of elbows through a series of tests on 16-
inch 90 deg elbows (D/t=39 and R/r=3) under in-plane closing moments. The 
test data were compared with numerical results from shell elements and 
simplified elbow elements. Gresnigt et al. [20] reported test data on five 30 
deg, five 60 deg and one 90 deg steel elbows (R/r=6) under bending and 
pressure. The 30 deg and 60 deg specimens were tested under inelastic in-
plane bending, whereas the 90 deg specimen was subjected to out-of-plane 
bending. An analytical model for the elastic-plastic cross-sectional 
deformation of elbows was also developed by Gresnigt et al. [21-22], 
introducing a correction factor to account for the influence of the adjacent 
straight pipe segments. Greenstreet [23] investigated experimentally the 
response of carbon steel and stainless steel pipe elbows, under in-plane and 
out-of-plane bending loading conditions, in the presence of internal pressure. 
Hilsenkopf et al. [24] reported test data on thin-walled (D/t=89.5) stainless 
steel elbows and thick-walled (D/t=13.4) ferritic elbows under both in-plane 
and out-of-plane bending, in connection with their functional capability. 
Suzuki and Nasu [25] conducted two in-plane closing moment tests on a 12-
inch 90 deg elbow (D/t=46.3) and on a 24-inch 90 deg elbow (D/t=64.9) and 
compared the test data with numerical predictions from four-node shell 
elements. More recently, Tan et al. [26] reported one closing in-plane 
moment test and one opening in-plane moment test on 90 deg thick stainless 
steel elbows (D/t=10.5) and compared their measurements with finite 
element analysis results. 
The development of computational methods (e.g. finite elements) has 
enabled the numerical investigation of elbow response and the prediction of 
ultimate capacity. To model elbow deformation at the ultimate limit state, a 
nonlinear analysis accounting for both material and geometric nonlinearities is 
necessary. Using the special-purpose “elbow” element ELBOW31B of 
ABAQUS, Shaleby and Younan [27-28] analyzed standalone 90 deg steel 
elbows (R/r=3) for a wide range of diameter-to-thickness ratios 
(15.5D/t97), under in-plane bending (opening and closing moments) and 
internal pressure. In subsequent papers, Mourad and Younan [29-30] 
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analyzed pressurized standalone 90 deg steel elbow segments (R/r=3) under 
out-of-plane bending for a wide range of diameter-to-thickness ratios 
(15.5D/t97), using “elbow” element ELBOW32 of ABAQUS. In those 
investigations [26-29], only the curved part of the pipe was analysed, 
neglecting the effects of the adjacent straight parts. Chattopadhyay et al. 
[31] employed general-purpose program NISA to analyze thick 90 deg elbows 
(D/t25) under in-plane bending, through twenty-node fully-integrated solid 
elements, accounting for the effects of the adjacent straight parts. Using a 
curve-fitting procedure, simplified formulae were proposed for the collapse 
(limit) moment capacity in terms of pressure and the bend factor (h=tR/r2). 
In a recent publication, Karamanos et al. [32] have presented a numerical 
study of steel elbow response under in-plane bending. Emphasis was given on 
the buckling failure of non-pressurized thin-walled elbows, and a good 
comparison was found between numerical results and test measurements 
reported in [20]. 
1.6 Scope of present study 
The first objective of this study is to examine the effect of cold bending on an 
initially straight tube via the rotary draw bending method. A parametric study 
on the manufacturing process aimed at investigating the effects of different 
bending angles such as 30, 60 and 90 degrees will be presented, focusing 
primarily on the geometrical deviations in relation to a perfect tube. In 
addition, stress distribution, thickness variation and cross-section distortion 
created on the tubes during the process will be examined. Following, the non-
linear elastic-plastic response of the bent tubes under in-plane bending 
loading will be examined to determine their structural capacity and 
performance. More precisely, in chapter 2, a detailed description of the finite 
element model developed for the simulation of the rotary draw bending 
method will be presented. In chapter 3, numerical results concerning out-of 
straightness of the upper, middle and lower tube generators and out-of 
roundness of several deformed tube rings will be depicted. In addition, pipe 
wall thickness variation and stress distribution on the three generators will be 
presented with respect to angle θ. In chapter 4, the bending moment M as 
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well as the ovalization of the elbows will be compared with the perfect 
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Finite element simulation of rotary-draw forming 
2.1 Finite element simulation tools 
In the present study, the Rotary Draw Bending (RDB) method is simulated 
using finite elements. An improved three-dimensional-finite element (3D-FE) 
model of the process for round steel tube has been developed within the 
explicit code ABAQUS/Explicit. Then, simulation and analysis of the process 
have been carried out based on the finite elements model. For computational 
reasons and due to the symmetry of the problem half of model has been 
considered in the finite element analysis. 
 
Figure 3: Schematic of tube bending with external and internal tool 
As shown in Figure 3, pulled by bend die, the tube goes past the tangent 
point and rotates along the groove of bend die up to the desired bending 
degree and bending radius. Then the mandrel retracts and the tube is 
unloaded.  
Each die has a different role, in terms of its effect on the stress and strain 
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1. The bend die is the primary tool which determines the bend radius of 
the tube. 
2. The pressure die is used to maintain constant pressure on the tube, at 
tangent where the bending is occurring, and pushes it against the 
wiper die tightly ensuring the free-wrinkling bending tube. Meanwhile, 
the moving pressure die helps push the material into bending regions 
reducing the thinning degree.  
3. The wiper die is used to prevent the tube from wrinkling and over 
cross-section distorting. The wiper die nests in the bend die groove 
with its very thin tip extending to the bend tangent point (the point 
where the tube will begin to bend). Therefore, it fills up the gap 
normally left by the bend die, so that, the tube is completely confined 
and does not have space in which to wrinkle.  
4. The mandrel shank with flexible balls is used inside the tube to prevent 
from wrinkling and over cross-section distorting. 
In the present work a initially straight tube with diameter to thickness ratio 
D/t=19 (D=38 mm and t=2 mm) and Rd/D=1.5 is considered. The tube is 
rotated to 30°, 60° and 90° with a bending radius Rd=57 mm. The 
dimensions chosen, taking into account the relevant literature [19, 23, 24], 
for the tube and the tooling are shown in Table 1.   








Dimensions / mm 
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Pitch 12 mm 
Table 1: Geometry dimensions of tools 
 
Regarding the material properties of the tube and in order to simulate the 
real mechanical behavior of steel under bending, both the elasto-plastic and 
the mechanical properties of Steel, API 5L, Grade X52 were used for the tube. 
Property values are shown in Table 2,Table 3 and Figure 4. 
Modulus of Elasticity (E) [MPa] Poisson Ratio (ν) 
210000 0.3 






400 440 21 
Table 3: Mechanical Properties of Steel X52 
 
Figure 4: Stress-Strain curve for plastic properties of Steel X-52 
From finite element point of view, the steel tube is modeled as a continuous, 
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The element type used to describe the tube is a 4-node doubly curved thin 
shell (t=2 mm) S4R. This is a robust, general-purpose reduced integration 
four-node shell element suitable for a wide range of applications in tubular 
members subjected to loading that induces significant geometric and material 
non-linearities.  
In this element, to avoid shear and membrane locking, uniform reduced 
integration (5 integration points), as well as classical shear theory for thin 
shells is applied.  
Concerning the tube mesh, the approximate element size used was 2 mm 
while the number of the elements was only allowed to increase (Figure 5). 
 
Figure 5: Tube Meshing 
In addition, the dies are modeled as discrete, rigid bodies. In Abaqus/Explicit 
a rigid body is a collection of nodes and elements whose motion is governed 
by the motion of a single node, known as the rigid body reference node. The 
shape of the rigid body is defined as a discrete rigid body obtained by 
meshing the body with nodes and elements. Regarding the modeling of the 
tube, the size method was used for meshing the dies with element size 
approximately 2 mm (Figure 6). The element type used for meshing the dies 
is the R3D4, a 4-node 3-D bilinear rigid element that makes it possible to 
model complex surfaces with arbitrary geometries. The shape of the rigid 
body remains unchanged during the simulation but can undergo large rigid 
body motions.  
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Figure 6: Tooling Mesh 
The motion of a rigid body can be prescribed by applying boundary conditions 
at the rigid body reference node. Loads on a rigid body are generated from 
concentrated loads applied to nodes and distributed loads applied to elements 
that are part of the rigid body or from loads applied to the rigid body 
reference node. Rigid bodies interact with the rest of the model through nodal 
connections to deformable elements and through contact with deformable 
elements. 
The interaction between tube and tooling is needed to accomplish the thin-
walled tube bending process in order to ensure the prevention of wrinkling 
despite the presence of pipe wall thinning and cross-section distortion.  
In this model, the following contact interfaces appear: 
1. Tube-Wiper die 
2. Tube-Mandrel 
3. Tube-Pressure Die 
4. Tube-Bend die 
5. Tube-Multi Balls 
In all these interfaces “surface to surface” contact and “penalty contact 
method” for mechanical constraint formulation is used. 
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In addition, mechanical contact properties between the tube and the dies had 
to be determined for the simulation. Towards this purpose, frictionless contact 
is applied for the tangential behavior, while “hard” contact is used for the 
normal direction. 
As mentioned above, every rigid body is characterized by a reference point 
(RP). As shown in Figure 7, RP1 refers to the mandrel shank, while RP2 to 
RP5 refer to the mandrel balls respectively.  
In order to simulate mandrel balls movement mechanism during the bending 
process, two-node beam elements are used. The beams are constrained using 
Multi-Point Constraints (MPC) of two different types, namely “pin” and “tie”, 
and are applied to each reference point. 
The “Tie” constraint makes all active degrees of freedom equal at each slave 
node and the control point, while the “Pin” constraint defines a pinned joint 
between each slave node and the control point. 
 
Figure 7: Beam elements 
More precisely, at each reference point the following constraints are applied: 
 RP1: A pin constraint is created between the mandrel shank and the 







Beam Elements 1 to 5
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 RP2: A tie constraint is created between the 2nd node of beam 1 and 
the first mandrel ball while a pin constraint is created between the first 
node of beam 2 and the first mandrel ball. 
 RP3: A tie constraint is created between the 2nd node of beam 2 and 
the second mandrel ball while a pin constraint is created between the 
first node of beam 3 and the second mandrel ball. 
 RP4: A tie constraint is created between the 2nd node of beam 3 and 
the third mandrel ball while a pin constraint is created between the 
first node of beam 4 and the third mandrel ball. 
 RP5: A tie constraint is created between the 2nd node of beam 4 and 
the fourth mandrel ball while a pin constraint is created between the 
first node of beam 5 and the fourth mandrel ball. 
 RP6: A tie constraint is created between the 2nd node of beam 5 and 
the fifth mandrel ball. 
On all above MPC constraints, the reference points act as control points while 
the beam nodes act as slave nodes. Consequently, it is very important to 
define the boundary conditions in such a way that the real manufacturing 
process is simulated. RP7, as shown in Figure 8, is the point that refers to the 
bend die and is responsible for the bending process as there the bending 
angle is applied. All dies and the tube shall conform to this bending angle. As 
a result, rotation angles of 30, 60 and 90 degrees are imposed on RP7.  
 
Figure 8: Point of bending angle application 
RP7
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The tube follows exactly the bend die movement. For this reason, 
displacements along x-axis and y-axis as well as rotations around all axes are 
restricted. Movement on z-axis is permitted. The mandrel shank during the 
process is immovable. Movements and rotations are restricted. 
Concerning the mandrel balls, they are free to move on y-axis and z-axis as 
well as to rotate on x-axis. All other boundary conditions are restricted. 
The wiper die is fixed to the tangent point, and no rotation or displacement is 
allowed. 
The pressure die follows the motion of the bend die. 
Finally, for the whole model x-symmetry condition is imposed. As a result, 
displacement on x-axis and rotations on y-axis and z-axis are restricted. 
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Numerical results on pipe cold bending  
The first objective of this study is to simulate bending of an initially straight 
tube (Figure 10) to different angles and evaluate the geometrical deviations 
from a tube without geometric defects. Three angles of bending are 
considered, 30, 60 and 90 degrees as shown in Figure 11, Figure 12, Figure 
13. For all bending angles results for out-of straightness and out-of roundness 
were extracted. In addition, wall thickness variation in the bend area and 
stress distribution is examined for the same three generators.       
 
Figure 10: Straight tube subjected to bending 
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Figure 11: 30 degrees tube bending 
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Figure 13: 90 degrees tube bending 
3.1 Out-of “straightness”  
Out-of “straightness”, for all bending angles, is calculated for three tube 
generators in the bend area, the upper, the middle and the lower. The 
examined segments of the three generators consist of a number of nodes as 
shown in Figure 14Figure 15Figure 16. Each node at the end of the bending 
process is displaced with respect to its initial position. The final position of 
every node on the generators is calculated by adding the y-axis and z-axis 
displacements to the initial y-axis and z-axis coordinates. To plot the out-of 
“straightness”, the y and z displacement values are normalized with the 
bending radius of each generator. For the upper generator the radius is 76 
mm, for the middle is 57 mm, while for the lower generator it is 38 mm. 
Results are compared with the 30, 60 and 90-degree circular segment of a 
perfect tube respectively.  
In Figure 17Figure 18Figure 19 the out-of “straightness” of the 30-degree 
tube, in the upper, middle and lower generator respectively, is shown. The 
results depicted in those figures demonstrate that each generator behaves in 
a different way compared to the generators of a perfectly circular tube that 
follows the bend axis. The upper generator shows, at the early bending stage, 
a deviation from the perfect curve, but as the angle along the bend increases 
the deformed shape obtained is very similar to the perfect. The middle 
generator shows a steady deviation from the perfect curve while the lower 
θ
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generator shows at first a good comparison with the perfect curve but as the 
angle along the bend increases the deviation increases.   
In Figure 20Figure 21Figure 22 the out-of “straightness” of the 60-degree 
tube, in the upper, middle and lower generator respectively, is shown. The 
results obtained show that the upper generator follows quite well the perfect 
behavior, the middle generator shows a steady deviation from the perfect 
curve, smaller than that observed in the 30-degree elbow, while the lower 
generator is quite close to the perfect curve at the beginning and at the end 
of the bend. 
In Figure 23Figure 24Figure 25 the out-of “straightness” of the 90-degree 
tube, in the upper, middle and lower generator respectively, is shown. The 
results obtained show that all generators have a quite similar behavior. The 
curve deviation increases as the angle along the bend increases. 
 
Figure 14: Upper, middle and lower generator of the 30-degree tube 
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Figure 15: Upper, middle and lower generator of the 60-degree tube 
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Figure 17: Out-of “straightness” of the 30-degree elbow upper generator 
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Figure 19: Out-of “straightness” of the 30-degree elbow lower generator 
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Figure 21: Out-of “straightness” of the 60-degree elbow middle generator 
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Figure 23: Out-of “straightness” of the 90-degree elbow upper generator 
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Figure 25: Out-of “straightness” of the 90-degree elbow lower generator 
According to Figure 26, every node on the three generators is characterized 
by a radius r. We denote as rin the radius of node k’ on the lower generator 
and as rout the radius of node k on the upper generator. To calculate the value 
of radius r the y and z coordinates of every node are used. Then, for each 
generator, the deviation Δr is calculated from the difference Δr=r-R, where R 
is the radius of the generator of the perfect bend tube. Finally, the bending 
angle θ of every node is calculated by using the tangent from its y and z 
coordinates. 
In Figure 27Figure 28Figure 29 the deviation Δr of each generator of the 30-
degree tube from the geometry of the corresponding perfect tube with 
respect to the bend angle θ is plotted. The results depicted from the above 
figures demonstrate that the maximum diameter deviations from the perfect 
tube are localized in different bending angles for the three generators. More 
precisely, for the upper generator the maximum deviation of the deformed 
diameter is 0.3 mm and this occurs at bend angle equal to 7°. For the lower 
generator, the maximum deviation of the deformed diameter is 0.38 mm and 
this occurs at bend angle equal to 22° while for the middle generator the 
values change to 0.75 mm and 29° respectively. 
In Figure 30Figure 31Figure 32 the deviation Δr of each generator of the 60-
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plotted. The results show for the upper generator that the maximum 
deviation of the deformed diameter is 0.35 mm and this occurs at bend angle 
equal to 7°. For the lower generator, the maximum deviation of the deformed 
diameter is 0.32 mm and this occurs at bend angle equal to 18.5° while for 
the middle generator the values change to 1.34 mm and 58° respectively. 
In Figure 33Figure 34Figure 35 the deviation Δr of each generator of the 90-
degree tube from the perfect geometry with respect to the bend angle θ is 
plotted. The results show for the upper generator that the maximum 
deviation of the deformed diameter is 2.78 mm and this occurs at bend angle 
equal to 58°. For the lower generator, the maximum deviation of the 
deformed diameter is 2.1 mm and this occurs at bend angle equal to 50° 
while for the middle generator the values change to 3.59 mm and 53° 
respectively. 
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Figure 27: Radius deviation from perfect tube, for the 30-degree elbow upper 
generator 
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Figure 29: Radius deviation from perfect tube, for the 30-degree elbow lower 
generator 
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Figure 31: Radius deviation from perfect tube, the 60-degree elbow middle 
generator 
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Figure 33: Radius deviation from perfect tube, the 90-degree elbow upper 
generator 
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Figure 35: Radius deviation from perfect tube, the 90-degree elbow lower 
generator 
In Figure 36Figure 37Figure 38 the diameter dv of the deformed tube is 
compared to the diameter of the perfect tube and plotted in terms of the 
bending angle θ. As depicted in those figures, the tube diameter formed 
during the 30-degree elbow bending process ranges from 35.55 mm to 37.96 
mm. For the 60 degrees ranges from 37.42 mm to 38.12 mm while for the 90 
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Figure 36: Diameter comparison of 30-degree elbow and perfect tube  
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Figure 38: Diameter comparison of 90-degrees elbow and perfect tube 
3.2  Out-of-roundness 
Out-of roundness is calculated at several tube cross-sections (rings) after the 
deformation process. In Figure 39, Figure 40 and Figure 41, several rings of 
the 30, 60 and 90-degree elbows, as well as the center of rotation are shown. 
For every ring the out-of roundness compared to the perfect tube rings is 
examined. It is worth mentioning that the choice of cross-sections is made 
under the assumption that the cross-sectional plane passes through the 
center of rotation. This is compatible with Bernoulli’s assumption in classical 
beam theory. The final node position, on the x-y plane, is plotted by adding 
the displacement value of every node to its initial coordinates. In addition, a 
perfect ring of 38 mm diameter is considered as reference. 
For the 30-degree elbow, rings are selected at the values of angle θ along the 
elbow corresponding at 7.5, 8.5, 14.5, 20, 24 and 25 degrees. In Figure 
42Figure 47 the out-of roundness for every cross-section is plotted. The 
results depicted demonstrate that the cross-section distortion is more severe 
at the beginning and at the end of the bend with the diameter deviation 
reaching 0.8 mm less than the nominal diameter for the upper generator and 
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For the 60-degree elbow, rings are selected at values of angle θ equal to 4, 
8.5, 15 and 33 degrees. In Figure 48Figure 51 the out-of roundness for every 
ring is plotted. The results show that the cross-section distortion becomes 
more severe as the bending angle increases. At the cross-section located at 
33 degrees along the bend the total cross-sectional deviation from the 
nominal diameter reaches the value of 2.87 mm. For further bending angles 
and till 60 degrees the cross-sections are significantly rotated with respect to 
the elbow axis and do not conform to the aforementioned assumption.  
For the 90-degree elbow, rings are selected at angles of 10, 26 and 33 
degrees. In Figure 52Figure 53 and Figure 54 the out-of roundness for every 
ring is plotted. The results show a rather severe cross-section distortion 
especially at the cross-section at 26 degrees. In the remaining sections up to 
90 degrees the cross-sections do not conform to the aforementioned 
assumption.  
 








Institutional Repository - Library & Information Centre - University of Thessaly




Figure 40: Cross-sections considered at the 60-degree elbow 
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Figure 42: Out-of roundness of cross-section of 30-degree elbow ring 1 
 










































Institutional Repository - Library & Information Centre - University of Thessaly




Figure 44: Out-of roundness of cross-section of 30-degree elbow ring 3 
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Figure 46: Out-of roundness of cross-section of 30-degree elbow ring 5 
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Figure 48: Out-of roundness of cross-section of 60-degree elbow ring 1 
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Figure 50: Out-of roundness of cross-section of 60-degree elbow ring 3 
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Figure 52: Out-of roundness of cross-section of 90-degree elbow ring 1 
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Figure 54: Out-of roundness of cross-section of 90-degree elbow ring 3 
3.3 Wall thickness variation 
As mentioned in chapter 1, for any bending process, upon bending 
deformation, complex tension and compression stress distributions are 
induced at the extrados and intrados of bend tube respectively, which may 
cause multiple defects. In this section, results for thickness variation were 
obtained for the upper, middle and lower generator of all bending degrees.  
In Figure 55Figure 56Figure 57 cross-section thickness variation of the 30 
degrees deformed tube is plotted in relation to angle θ along the bend. From 
the results depicted, it can be assumed that for the upper generator there is a 
cross-section thinning while for the lower generator there is a cross-section 
thickening. More precisely, the minimum thickness value obtained for the 
upper generator is 1.68 mm when the angle θ is 16 degrees while for the 
lower generator the maximum thickness value is 2.37 for an angle of 22 
degrees. For the middle generator, the results demonstrate a variation in wall 
thickness but the numerical deviation from the initial value is quite small 
(approximately 0.06 mm pipe wall thinning for a cross-section at 25 degrees 
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In Figure 58Figure 59Figure 60 thickness variation of the 60-degree elbow is 
plotted in terms of the angle θ. From the results depicted, it can be assumed 
that the cross-section response is similar to that of the 30-degree elbow. In 
particular, the minimum thickness value obtained for the upper generator is 
1.58 mm at angle θ equal to 43 degrees while for the lower generator the 
maximum thickness value is 2.55 at angle θ equal to 47 degrees. For the 
middle generator, the results demonstrate a variation in wall thickness but 
the numerical deviation from the initial value is quite small (approximately 
0.07 mm cross-section thinning at 59 degrees of angle θ).     
In Figure 61Figure 62Figure 63 thickness variation of the 90-degree elbow is 
plotted in terms of the angle θ. Same as with the previous bending angles, 
the minimum thickness value obtained for the upper generator is 1.4 mm 
when the angle is 71 degrees, while for the lower generator the maximum 
thickness value is 2.56 for angle θ equal to 58 degrees. For the middle 
generator, the results demonstrate a variation in wall thickness but the 
numerical deviation from the initial value is quite small (approximately 0.08 
mm thinning at 83 degrees of angle θ).     
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Figure 56: Thickness variation of 30-degree elbow along its middle generator 
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Figure 58: Thickness variation of 60-degree elbow along its upper generator 
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Figure 60: Thickness variation of 60-degree elbow along its lower generator 
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Figure 62: Thickness variation of 90-degree elbow along its middle generator 
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3.4 Stress distribution 
During the manufacturing process a complex state of stresses across the 
thickness of the tubes are developed as a response to the bending angle 
imposed. These stresses remain on the tube even after the process affecting 
the elbows behavior. In the present study, five thickness integration points 
were used for the analysis. In this section, the so-called residual stresses are 
obtained for the first (SP1) and the fifth (SP5) integration point (Figure 64) of 
the upper, the lower and the middle generator.  
In Figure 65Figure 70 the Von Mises stress in terms of the angle θ is plotted 
for the 30-degree elbow. The results depicted in those figures demonstrate 
that the maximum stress developed in the upper generator is 228.9 MPa for 
SP1 and 90 MPa for SP5. In the middle generator the stress values are 285 
MPa for SP1 and 295 MPa for SP5 while in the lower generator 216 MPa and 
178 MPa respectively.  
In Figure 71Figure 76 the Von Mises stress in terms of the bending angle θ is 
plotted for the 60-degree elbow. The results depicted in those figures 
demonstrate that the maximum stress developed in the upper generator is 
179 MPa for SP1 and 98 MPa for SP5. In the middle generator the stress 
values are 155 MPa for SP1 and 196 MPa for SP5 while in the lower generator 
197 MPa and 147 MPa respectively. 
In Figure 77Figure 82 the Von Mises stress in terms of the bending angle θ is 
plotted for the 90-degree elbow. The results depicted in those figures 
demonstrate that the maximum stress developed in the upper generator is 
159 MPa for SP1 and 121 MPa for SP5. In the middle generator the stress 
values are 256 MPa for SP1 and 245 MPa for SP5 while in the lower generator 
285 MPa and 154 MPa respectively. 
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Figure 64: Integration points across the tube thickness 
 
Figure 65: Von Mises stress distribution along the 30-degree elbow at the inner 
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Figure 66: Von Mises stress distribution along the 30-degree elbow at the outer 
surface of the upper generator 
 
Figure 67: Von Mises stress distribution along the 30-degree elbow at the inner 


























































Institutional Repository - Library & Information Centre - University of Thessaly




Figure 68:  Von Mises stress distribution along the 30-degree elbow at the outer 
surface of the middle generator 
 
Figure 69: Von Mises stress distribution along the 30-degree elbow at the inner 
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Figure 70: Von Mises stress distribution along the 30-degree elbow at the outer 
surface of the lower generator 
 
Figure 71: Von Mises stress distribution along the 60-degree elbow at the inner 
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Figure 72: Von Mises stress distribution along the 60-degree elbow at the outer 
surface of the upper generator 
 
Figure 73: Von Mises stress distribution along the 60-degree elbow at the inner 
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Figure 74: Von Mises stress distribution along the 60-degree elbow at the outer 
surface of the middle generator 
 
Figure 75: Von Mises stress distribution along the 60-degree elbow at the inner 
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Figure 76: Von Mises stress distribution along the 60-degree elbow at the outer 
surface of the lower generator 
 
Figure 77: Von Mises stress distribution along the 90-degree elbow at the inner 
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Figure 78: Von Mises stress distribution along the 90-degree elbow at the outer 
surface of the upper generator 
 
Figure 79: Von Mises stress distribution along the 90-degree elbow at the inner 























































middle generator SP190 bend
D/t=19
Rd/D=1.5
Institutional Repository - Library & Information Centre - University of Thessaly




Figure 80: Von Mises stress distribution along the 90-degree elbow at the outer 
surface of the middle generator 
 
Figure 81: Von Mises stress distribution along the 90-degree elbow at the inner 
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Figure 82: Von Mises stress distribution along the 90-degree elbow at the outer 
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Numerical results on structural performance of cold-
formed elbows 
In this chapter, the structural performance of the bent, deformed tubes is 
investigated and the results are compared to those from perfect tubes. In 
Figure 83Figure 84Figure 85 the 30, 60 and 90-degree elbows after the 
manufacturing process are shown. Every tube is subjected successively to in-
plane closing and opening bending moments. More precisely, the boundary 
conditions applied to the tube are as follows: 
For the end sections A, all displacements and rotations are restrained while 
for the end sections B, displacements on y-axis and z-axis are permitted as 
well as rotation of ±0.5 rad about the x-axis. The remaining boundary 
degrees of freedom are restrained. 
 
Figure 83: 30-degree elbow after manufacturing process 
A
B
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Figure 84: 60-degree elbow after manufacturing process 
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Elbow response under opening and closing bending moments 
4.1 Closing bending moments 
In this section the effect of closing bending moments to the 30, 60 and 90 
degrees elbows are examined compared to the values of the perfect elbows. 
In Figure 89Figure 90 the applied in-plane closing bending moment of the 30-
degree deformed and the 30-degree perfect elbow are plotted in terms of the 
end section B rotation φ about the x-axis, respectively. The reported moment 
is normalized by the fully-plastic moment (Mp=σy D
2 t). The results depicted in 
those figures demonstrate that the manufacturing process does not affect the 
value of the reaction moment on the end section B. The maximum normalized 
moment for both the deformed and the perfect elbow is 0.5 for 0.06 rad angle 
while the spring-back occurred is 0.011 rad (0.632 degrees).  
In Figure 91Figure 92 the response under in-plane closing bending moment of 
the 60-degree deformed and the 60-degree perfect elbow is shown. The 
reported moment is normalized by the fully-plastic moment (Mp=σy D
2 t). 
Similar to 30 degrees the figures demonstrate that the manufacturing process 
does not affect the value of the reaction moment on the end section B. The 
maximum normalized moment for both the deformed and the perfect elbow is 
0.38 for 0.08 rad angle while the spring-back occurred is 0.0115 rad (0.661 
degrees). 
In Figure 93Figure 94, the applied in-plane closing bending moment of the 
90-degree deformed and the 90-degree perfect elbow is depicted. The 
reported moment is normalized by the fully-plastic moment (Mp=σy D
2 t). The 
maximum normalized moment for both the deformed and the perfect elbow is 
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Figure 86: Elbow (30 degrees) deformation under in-plane closing bending 
moments 
 
Figure 87: Elbow (60 degrees) deformation under in-plane closing bending 
moments 
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Figure 88: Elbow (90 degrees) deformation under in-plane closing bending 
moments 
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Figure 90: Perfect elbow (30 degrees) response under in-plane closing bending 
moments 
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Figure 92: Perfect elbow (60 degrees) response under in-plane closing bending 
moments 
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Figure 94: Perfect elbow (90 degrees) response under in-plane closing bending 
moments 
4.2 Opening bending moments 
In Figure 98Figure 103, the applied in-plane opening bending moments of the 
30, 60 and 90-degree deformed and perfect elbows respectively, are plotted 
in terms of the end section B rotation φ about the x axis. The reported 
moments are normalized by the fully-plastic moment (Mp=σy D
2 t). Similarly 
to the closing bending moments, the results depicted in those figures 
demonstrate that the manufacturing process does not affect significantly the 
value of the reaction moment on the end section B. 
More precisely, for the 30 degrees elbow the maximum opening normalized 
moment is 0.68 for 0.2 rad angle for both the deformed and the perfect 
elbow. For the 60 degrees tube the values change to 0.66 and 0.3 
respectively. Finally, for the 90 degrees elbow the maximum opening 
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Figure 95: Elbow (30 degrees) deformation under in-plane opening bending 
moments 
 
Figure 96:  Elbow (60 degrees) deformation under in-plane closing bending 
moments 
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Figure 97: Elbow (90 degrees) deformation under in-plane opening bending 
moments 
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Figure 99:  Perfect elbow (30 degrees) response under in-plane opening bending 
moments 
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Figure 101: Perfect elbow (60 degrees) response under in-plane opening bending 
moments 
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Figure 103: Perfect elbow (90 degrees) response under in-plane opening bending 
moments 
4.3 Ovalization 
The applied in-plane closing bending moment causes a rather severe 
ovalization to the cross-section of the tube, especially in the bend area. 
 
Figure 104: Cross-section A ovalization of 30-degree elbow under in-plane closing 
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Ovalization is expressed through the non-dimensional ovalization parameter 
ov=|DA-DB| / Dm, where DA is the length of the deformed diameter on the 
plane of bending and DB is the length of deformed diameter perpendicular to 
the plane of bending, both measured at the cross-section under consideration 
(Figure 104). In Figure 105Figure 106, the ovalization is plotted in terms of 
the applied bending angle φ. 
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Figure 106: Cross-section ovalization of 30-degree perfect elbow 
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In Figure 107 the ovalization caused due to bending is shown. In Figure 
108Figure 109, the ovalization of the ring B is plotted in terms of the applied 
bending angle φ. 
 
Figure 108: Ovalization of cross-section B of 60-degree elbow 
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In Figure 110 the ovalization caused due to bending is shown. In Figure 
111Figure 112, the ovalization of the ring B is plotted in terms of the applied 
bending angle φ. 
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Figure 111: Ovalization of cross-section C of 90-degree elbow 
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An improved three-dimensional-finite element (3D-FE) model was developed 
within the explicit code ABAQUS/Explicit for the purposes of this research. 
The present work was motivated by the need of industry to simulate tube 
bending process at different angles via the Rotary Draw Bending method 
(RDB). One of the basic issues examined was the effect of bending angle 30, 
60 and 90 degrees on the elbow out-of straightness and out-of roundness 
compared with a perfect elbow. The 30-degree and 60-degree elbow out-of 
straightness showed a quite similar behavior for all three generators. More 
precisely, the upper generators showed, at the early bending stage, a 
deviation from the perfect curve, but as the angle along the bend increased 
the deformed shape obtained was very similar to the perfect. The middle 
generators showed a steady deviation from the perfect curve while the lower 
generators showed at first a good comparison with the perfect curve but as 
the angle along the bend increased the deviation increased. For the 90-
degree elbow the three generators behaved in the same way, that is, the 
curve deviation increased as the bending angle increased. In addition, pipe 
wall thickness variation and stress distribution on the upper, middle and lower 
elbow generators were investigated. For all bending degrees, cross-section 
thinning was depicted in the upper generators while cross-section thickening 
was depicted in the lower generators. The stress distribution on the three 
generators was rather inhomogeneous with maximum values of Von Mises 
stress depicted in the middle generator.  
In the final part of this study, the non-linear elastic-plastic response of the 
bent tubes under in-plane bending loading was examined to determine their 
structural capacity and performance. Opening and closing bending moments 
were applied to the elbows and the effect on their cross-section ovalization 
was evaluated. From the results, it was shown that the deformed elbow had 
almost the same behavior as the perfect elbow under structural loading. 
The present study was aimed at providing a rigorous toll for predicting the 
behavior of a round, steel tube not only during the manufacturing bending 
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process but also when subjected to structural loading. Based on the present 
work, further numerical results, possibly supported by experimental testing, 
are necessary to validate the applicability of the present technique to predict 
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